Respiratory-induced dynamic tumors render free-breathing cone-beam computed tomography (FBCBCT) images with motion artifacts complicating the task of quantifying the internal target volume (ITV). The purpose of this paper is to study the visibility of the revealed ITV when the imaging dose parameters, such as the kVp and mAs, are varied. The Trilogy TM linear accelerator with an On-Board Imaging (OBI TM ) system was used to acquire low-imaging-dose-mode (LIDM: 110 kVp, 20 mA, 20 ms/frame) and high-imaging-dose-mode (HIDM: 125 kVp, 80 mA, 25 ms/frame) FBCBCT images of a 3-cm diameter sphere (density=0.855 g/cm 3 ) moving in accordance to various sinusoidal breathing patterns, each with an unique inhalation-to-exhalation (I/E) ratio, amplitude, and period. In terms of image ITV contrast, there was a small overall average change of the ITV contrast when going from HIDM to LIDM of 6.5±5.1% for all breathing patterns. As for the ITV visible volume measurements, there was an insignificant difference between the ITV of both the LIDM-and HIDM-FBCBCT images with an average difference of 0.5±0.5%, for all cases, despite the large difference in the imaging dose (approximately five-fold difference of ~0.8 and 4 cGy/scan). That indicates that the ITV visibility is not very sensitive to changes in imaging dose. However, both of the FBCBCT consistently underestimated the true ITV dimensions by up to 34.8% irrespective of the imaging dose mode due to significant motion artifacts, and thus, this imaging technique is not adequate to accurately visualize the ITV for image guidance. Due to the insignificant impact of imaging dose on ITV visibility, a plausible, alternative strategy would be to acquire more X-ray projections at the LIDM setting to allow 4DCBCT imaging to better define the ITV, and at the same time, maintain a reasonable imaging dose, i.e., comparable to a single HIDM-FBCBCT scan.
INTRODUCTION
In order to optimize respiratory-induced mobile tumors for radiation therapy, the first important step is to image an accurate, representative patient anatomy for planning and treatment delivery. Dynamic tumors can complicate this process. [1] [2] [3] [4] [5] [6] However, the advent of four-dimensional computed tomography (4DCT) has significantly alleviated these difficulties by rebinning CT projections to successfully reconstruct images at instantaneous moments/phases, leading to an accurate delineation of the Internal Target Volume (ITV). [1] [2] [3] [4] [5] [6] [7] [8] [9] It has been shown by Underberg et al. and Jin et al. that 4DCT images acquired using respiration-tracking systems can be used for stereotactic body radiotherapy (SBRT) of lung cancer. 8, 9) The integration of the cone-beam computed tomography (CBCT) systems with the clinical linear accelerators has allowed daily assessment of the gross location of the ITV before each treatment, the technique known broadly as image guided radiation therapy (IGRT). [10] [11] [12] [13] [14] [15] [16] The significant problem with acquiring more projections is the significant increase in exposure to the patient, which in itself, cause more unwanted problems. The ideal solution is to acquire 4DCBCT images without increasing the radiation dose delivered to the patient. Li et al. 22) did a study where they reduced the mA and the gantry rotation speed to acquire a certain amount of projections that would give the patient the same dose as would the typical 3DCBCT scan. They showed that as gantry rotation speed is reduced along with the mA, the relative error of the 4DCBCT images with respect to the 3DCBCT images acquired at a higher dose linearly decreased.
In this study, instead of investigating the impact of the I/E ratio on the revealability of the ITV, as done by Vergalasova et al., we studied the idea of whether decreasing the 3DCBCT scanning dose (reduce kVp and mA) would render significant, quantitative and qualitative differences in the visibility of the ITV that is revealed. Also, instead of lowering the gantry rotation speed and performing 4DCBCT reconstruction like Li et al., we kept the gantry rotation speed constant and just compared 3DCBCT images so the study is specifically focused on the impact of low-dose scanning parameters. This study was done by acquiring high-and low-dose 3DCBCT images under the same breathing parameters (i.e., I/E ratio, amplitude, and period), contouring the ITV using both images, and then comparing the ITV results. This is an important and relevant question today since majority of clinics don't have 4DCBCT capability and that depending on the outcome of the study, it can either help justify or dispute the idea of implementing 4DCBCT
imaging with low-dose scanning parameters using current CBCT systems on linacs.
23,24)

MATERIALS AND METHODS
The Varian Trilogy linear accelerator with an OBI TM system was used to acquire 3DCBCT images of a QUASAR MultiPurpose Body Phantom (MODUS, London, Canada). The phantom was placed upon the QUASAR Programmable Respiratory Motion Platform (QPRMP) with a cylindrical cedar wood (density=0.330 g/cc) encapsulating a 3-cm-diameter sphere breathing patterns that were made with MATLAB 2010a
(Mathworks, Natick, MA). Each sinusoidal pattern differs in parameters such as the I/E ratio, amplitude, and period (Table 1) .
In this work, the phantom was used to simulate lung cancer patients. Although the densities of the sphere and the surrounding volume were carefully selected to mimic actual patients, we had to confirm/validate our results with a patient case. More patient cases would have made the results more convincing; however, we could not justify the increase in imaging dose for testing on larger cohort of patients.
Experiment 1: ITV image contrast
This experiment was designed to study the quantitative dif- and encompasses most of the imaging dose range encountered in clinics. 22) The QPRMP was set to move in accordance to thirty different sinusoidal breathing patterns, each with a distinct set of parameters: amplitude=1 and 3 cm, period=2, 4, and 6 seconds, and I/E ratio=0.2131 to 1, as are shown in Table 1 . Each breathing pattern was scanned twice, the first being the LIDM and the second being the HIDM. A common image metric used to determine the quality of an image is the contrast to noise ratio (CNR) but we feel that it is not applicable in this study due to its circumstantial inaccuracy. For example, streak artifacts may reduce the average pixel value within the background, in result, increasing the CNR. Instead of using CNR, we will use the ITV-contrast which will quantify the relative signal of the revealed ITV with respect to the background. The ITV-contrast is,
The average pixel value of each row within the five center-profiles of the coronal slice image is defined as the Target
Value IT, and the average CT number of four 10×10 (pixels)
regions-of-interest (ROI) surrounding the sphere's ITV is defined as the background pixel value Ib. 
The equation that was used to calculate the percent difference between the two visible ITVs is:
In addition to the thirty simulated breathing patterns, one clinical patient was scanned consecutively with the LIDM and HIDM 3DCBCT protocols in a single treatment session to validate the results obtained with the phantom measurements. Table 1 lists the percent change in ITV-contrast from HIDM to LIDM 3DCBCT images. The percent changes were generally independent of the amplitude, period, and/or I/E ratio. In addition, the overall percent change was 6.5±5.1% indicating a very small increase with the low imaging dose, but clinically insignificant difference in the ITV contrast between the two images. Fig. 3 shows a sample case for an amplitude of 1 cm. Tables 2 and 3 list the percent differences between the two revealed and ground-truth ITVs for amplitudes of 1 and 3 cm, respectively. The percent changes were generally independent of the period. However, the I/E ratio was an important factor in the difference between the revealed and the ground-truth ITV sizes, as the difference increased when the I/E ratio decreased. The most significant ITV underestimations were observed when the I/E ratio was small and the amplitude was large. When the amplitude was 1 cm, the percent difference did not exceed 12%, but when amplitude increased to 3 cm, this increased to ＞34%.
RESULTS
Experiment 1: ITV image contrast
Experiment 2: Revealed ITV
Despite the large ITV underestimations compared with the ground-truth, the percent difference between the two revealed ITVs of the LIDM and HIDM 3DCBCT images was consistently insignificant as shown in Fig. 4 . For an amplitude of 1 cm, the overall percent difference was 0.2±0.2%, and for an amplitude of 3 cm, it was 0.8±0.5%. The overall difference was 0.5±0.5%, which is consistent with the ITV-contrast analysis results in Experiment 1, suggesting that the image quality for visualizing the ITV is generally equal between the two imaging dose modes, which further suggests that increasing the imaging dose (up to ∼4 cGy/scan) is not necessarily beneficial. 
DISCUSSION
It is well known that increasing the imaging dose improves image quality by improving contrast and resolution, yet even with high-dose scanning parameters, motion artifacts such as blurring are still present. As the kVp and mA are lowered, a reduction in photon flux will increase the noise 25, 26) but since the motion artifacts are still present, the purpose of this paper was to investigate the impact of the target's dynamic properties on the ITV visibility explicitly due to the noise.
Our results display the insignificant impact of the additional noise when contouring ITVs using low-dose 3DCBCT images.
When comparing the ITV calculations using both LIDM and HIDM 3DCBCT images, the differences were small. For breathing patterns with an amplitude of 1 cm, the overall percent was 0.2±0.2%, and for amplitude=3 cm, it was 0.8±0.5%.
Overall, the difference was 0.5±0.5%. This shows that if the dose is reduced and the gantry rotation speed remains constant, the ITV will be sufficiently visible to produce accurate approximations of the ITV that would be acquired from high- The limitation of the amount of low-dose CBCT projections acquired for 4DCBCT is set by the goal of not giving the patient more dose than he/she would receive if given a typical 3DCBCT scan. In order to acquire the maximum amount of low-dose CBCT projections, more time will be needed than the time needed to apply 3DCBCT. That raises the probability of acquiring worthless projections due to the patient moving during the scan. If this problem can be solved, applying 4DCBCT with low-dose scanning parameters and using the FDK reconstruction technique is supported to be a viable, clinical idea.
CONCLUSION
Our study confirmed and showed that the significance of the ITV underestimation is inversely proportional to the I/E ratio which renders the idea of applying low-dose 4DCBCT imaging viable and important. Our study also showed that when more noise is present in images when using low-dose scanning parameters (LIDM: 110 kVp, 20 mA, 20 ms/frame) under ideal circumstances of the size and location of the target (e.g., tumor in lung of large air pockets), the visibility of the revealed ITV was insignificantly impacted when compared to HIDM 3DCBCT images acquired with the same breathing parameters (e.g., I/E ratio, amplitude, and period). This study lays the foundation for more investigation of low-dose 4DCBCT for dynamic tumors such as studying different target sizes, locations, minimum dose scanning parameters, etc.
